Abstract. The present study explored the mechanisms by which fragile X mental retardation 1 (fmr1) overexpression inhibits lipopolysaccharide (LPS)-induced cardiomyocyte injury. Factors including oxidative stress reaction, mitochondrial membrane potential variation and cell apoptosis were evaluated. The viability of H9c2 cells was evaluated with a Cell Counting Kit-8 assay after cells were treated with LPS at different concentrations (0, 1, 3, 6 and 9 µg/ml) for various durations (4, 12 and 24 h). Flow cytometry was used to determine variations in reactive oxygen species (ROS), mitochondrial membrane potential and cell apoptosis. Reverse transcription-quantitative polymerase chain reaction and western blot analysis were performed to detect the levels of apoptosis-associated factors, and western blot analysis was used to determine the phosphorylation levels of phosphoinositide-3 kinase (PI3K), Akt and forkhead box (Fox)O3a. The results indicated that LPS decreased the viability of H9c2 cells in a dose-and time-dependent manner. Overexpression of fmr1 inhibited the LPS-induced decrease in the mitochondrial membrane potential and the production of ROS as well as apoptosis in H9c2 cells. Fmr1 also inhibited LPS-induced reductions in antioxidant enzyme activities, including those of superoxide dismutase and reduced/oxidized glutathione ratio, and decreased LPS-associated increases in the lipid peroxidation product malondialdehyde. Apoptosis-associated factors were identified to be involved in the effects of Fmr1. Overexpression of Fmr1 attenuated LPS-associated increases in the apoptosis-activating factors B-cell lymphoma 2 (Bcl-2)-associated X protein and caspase-3 and decreases in apoptosis inhibitors, including Bcl-2 and X-linked inhibitor of apoptosis protein. Fmr1 overexpression also reduced LPS-induced increases in the phosphorylation levels of PI3K, Akt and FoxO3a. In conclusion, fmr1 overexpression alleviated oxidative stress and apoptosis in H9c2 cardiomyocytes injured by LPS via regulating oxidative stress and apoptosis-associated factors, as well as the PI3K/Akt pathway. This information may provide a novel and effective therapeutic strategy for heart diseases.
Introduction
The mortality rate associated with cardiovascular disease (CVD) is increasing year by year. CVD is the most prevalent cause of mortality, according to World Health Organization's statistics. Myocardial dysfunction, the major cause of mortality in intensive care units (1) , is a major clinical manifestation of CVD and is easily induced by endotoxin.
Lipopolysaccharides (LPS), also known as endotoxin, are a prevalent component of the cell walls of most Gram-negative bacteria (2) . LPS is a pathogen that may induce endotox- (2) . LPS is a pathogen that may induce endotox-. LPS is a pathogen that may induce endotoxemia, septic shock and multiple organ failure (3, 4) . The heart is the most common organ to be adversely affected by endotoxemia (5, 6) . The prevalence of myocardial dysfunc- (5, 6) . The prevalence of myocardial dysfunc-. The prevalence of myocardial dysfunction in endotoxemia patients is >60%. However, the detailed molecular mechanisms remain undefined and require further elucidation (7) .
The fragile X mental retardation protein (FMRP) gene, which encodes the protein fragile X mental retardation 1 (fmr1), is a determinant of normal cognitive development and female reproductive function, and is highly prevalent in the brain (8) . Mutations of fmr1 may lead to fragile X syndrome (9) . Studies have demonstrated that fmr1 is essential for a normal heart rate in Drosophila (10) and cardiac func- (10) and cardiac funcand cardiac function during development (11) . The specific function of fmr1 in the cardiovascular system has remained largely elusive. It is therefore worthwhile to investigate whether and how fmr1 is able to inhibit LPS-induced cardiac injury.
The massive release of inflammatory cytokines, oxidative stress and mitochondrial dysfunction are the major characteristics of endotoxemia (12) . LPS combines to serum endotoxin-binding protein to produce massive inflammatory cytokines, which induce oxidative stress and overproduction of reactive oxygen species (ROS), causing damage of the mitochondrial structure and cardiomyocyte dysfunction (13-15),
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Oxidative stress and excessive ROS accumulation result in cytotoxicity and cell apoptosis. Previous studies have indicated that moderate oxidative stress is one of the major causes of cardiomyocyte apoptosis (16) , which is an important mechanism of cardiomyocyte death (17) . Therefore, inhibi- (17) . Therefore, inhibi-. Therefore, inhibition of oxidative stress-induced cardiomyocyte apoptosis is an important strategy to prevent cardiomyocyte damage and protect subjects at risk from cardiac disease.
The phosphatidylinositide-3kinase (PI3K)/Akt pathway is involved in the regulation of myocardial contraction, revascularization, physiological or pathological myocardial hypertrophy and congestive heart failure, having critical roles in cell proliferation, differentiation and apoptosis (18) . In the present study, it was speculated that the PI3K/Akt pathway also participates in the processes by which fmr1 inhibits LPS-induced cardiomyocyte injury.
In the present study, an in vitro model of LPS-induced cardiomyocyte damage was constructed using the H9c2 cell line, which was subjected to vector-mediated ectopic overexpression of fmr1, in order to study how fmr1 inhibits oxidative stress, myocardial injury and cell apoptosis, as well as the implication of the PI3K/Akt pathway. It is of significant value to unveil a novel potential biomarker of fmr1 in cardiovascular systems, which may provide a novel method for the diagnosis and prognosis of patients with CVD.
Materials and methods
Cell culture. H9c2 rat embryo cardiomyocytes purchased from the American Type Culture Collection (Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO 2 . Cells in the logarithmic growth phase were used in all experiments. The morphology of H9c2 cells were observed under an optical microscope at 48 h after inoculation.
Cell viability assay. H9c2 cells were divided into 5 groups: LPS groups treated with LPS (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at different concentrations (1, 3, 6 and 9 µg/ml), and a control group without any treatment (n=5 per group). The cell viability was measured with a Cell Counting Kit-8 (CCK8; Beyotime Institute of Biotechnology, Haimen, China) after LPS treatment for the set durations (4, 12 and 24 h). In brief, cells were seeded in 96-well plates at an initial density of 5x10 3 cells/well and incubated with different concentrations of LPS (1, 3, 6 and 9 µg/ml) for the indicated times. CCK-8 stain (20 µl) was then added to each well of the plate, followed by further incubation for 1 h. Table I .
Western blot analysis. Cells were lysed using lysis buffer (50 mM Tris-Cl, 150 mM NaCl, 0.02% NaN 2 , 100 µg/ml phenylmethanesulfonyl fluoride, 1 µg/ml aprotinin, and 1% Triton X-100), and the lysate was centrifuged at a speed of 12,000 x g for 30 min at 4˚C, and the supernate containing proteins was collected. The protein concentrations were determined with the bicinchoninic acid assay (Beyotime Institute of Biotechnology). Subsequently, the total protein (20 µg) was subjected to each lane of15% SDS-PAGE gel electrophoresis (SDS-PAGE) and then electroblotted onto a polyvinylidene fluoride (PVDF) membrane (GE Healthcare, Little Chalfont, UK). Following blocking with 5% non-fat dry milk in PBS for 1 h at room temperature, the blotting membranes were probed overnight at 4˚C with the following primary antibodies obtained from Abcam (Cambridge, UK): Rabbit anti-Fmr1 (cat. no. ab17722; 1:1,000), anti-Bax (cat. no. ab53154; 1:1,000), anti-Bcl-2 (cat. no. ab196495; 1:1,000), anti-cleaved caspase-3 (cat. no. ab2305; 1:200), anti-XIAP (cat. no. ab2541; 1:200), anti-p-PI3K (cat. no. ab182651; 1:1,000), anti-PI3K (cat. no. ab227204; 1:2,000), anti-p-AKT (cat. no. ab38449; 1:1,000), anti-AKT (cat. no. ab64148; 1:200), anti-p-FoxO3a (cat. no. ab47285; 1:1,000), anti-FoxO3a (cat. no. ab23683; 1:1,000) and anti-GAPDH (cat. no. ab9485; 1:2,500). Samples were then probed with horseradish peroxidase conjugated Goat anti-rabbit immunoglobulin G secondary antibodies (Abcam; cat. no. ab6721, 1:5,000) for 2 h at room temperature. GAPDH was used as loading control. The PVDF membrane was exposed to X-ray film (Kodak, Rochester, NY, USA) and immunoreactive bands were detected using enhanced chemiluminescence detection system of GE ECL Start (GE Healthcare, USA). Western blot bands were quantified using the Bio-Rad ChemiDoc MP system with Image Lab™ Software version 4.1 (each, Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Treatment groups.
In the present study, 1x10 5 cells were inoculated onto each well of a 6-well plate and divided into 5 experimental groups as follows: H9c2 cells treated with 9 µg/ml LPS for 24 h after being transfected with fmr1 overexpression plasmid for 12 h (Fmr1+LPS group), H9c2 cells treated with 9 µg/ml LPS for 24 h after being transfected with empty plasmid vector for 12 h (Vect+LPS group), H9c2 cells only transfected with empty plasmid vector for 12 h (Vect group), H9c2 cells only treated with 9 µg/ml LPS for 24 h (LPS group) and H9c2 cells without any treatment (Control group).
ROS detection. ROS were detected with the oxygen-sensitive fluorescence probe dichloro-dihydro-fluorescein diacetate (DCTH-DA) assay. Following culture and pre-treatment as aforementioned, 10 µmol/lDCFH-DA was added to the wells of a 6-well plate and incubated at 37˚C for 20 min. Then, the cells were washed with PBS3 times. Analysis was immediately performed with a flow cytometer (BD Biosciences, San Diego, CA, USA). BD CellQuest™ Pro software version 5.1 (BD Biosciences) was used to analyze ROS levels.
Mitochondrial membrane potential detection. The mitochondrial membrane potential was determined with the JC-1 probe assay. In brief, the floating and trypsinized adherent cells (5x10 5 ) of these 5 cell groups (Fmr1+LPS, Vect+LPS, Vect, LPS and Control group) were collected and resuspended in 500 µl PBSJC-1 dye (10 µmol/l) was added, followed by incubation for another 20 min at 37˚C. Cells were resuspended in phosphate buffer and the fluorescence was detected with a flow cytometer (BD Biosciences). BD CellQuest™ Pro software version 5.1 (BD Biosciences) was used to analyse the mitochondrial membrane potential.
Apoptosis detection. The apoptotic rate was determined with the Annexin-V/propidium iodied (PI) double-staining assay (Biovision, Mountain View, CA, USA) according to the manufacturer's protocol. In brief, floating and trypsinized adherent cells (5x10 5 ) of the 5 cell groups (Fmr1+LPS, Vect+LPS, Vect, LPS and Control group) were collected and resuspended in 500 µl phosphate buffer containing 5 µl Annexin-V fluorescein isothiocyanate and 5 µl PI, followed by incubation for 5 min in the dark at the room temperature. Analysis was immediately performed with a flow cytometer (BD Biosciences). BDCellQuest™ Pro software version 5.1 (BD Biosciences) was used to analyze the apoptotic rate.
Oxidative stress factor detection. The levels of antioxidant enzymes, including superoxide dismutase (SOD) and reduced glutathione/oxidized glutathione (GSH/GSSG), and the lipid peroxidation product malondialdehyde (MDA) were determined with specific kits. Activities of SOD were determined using the Total Superoxide Dismutase Assay kit with WST-8 (Beyotime Institute of Biotechnology). The GSH/GSSG ratio was measured with a GSH and GSSG Assay kit (Beyotime Institute of Biotechnology) with 2,2-dithio-bis-nitrobenzoic acid. The levels of MDA were detected with a Lipid Peroxidation MDA Assay kit (Beyotime Institute of Biotechnology); in this assay, MDA reacts with thiobarbituric acid. All measurements were performed according to the manufacturers' protocols.
Statistical analysis. All results were expressed as mean ± standard deviations of five independent experiments. Statistical analysis was performed using the SPSS 18.0 statistical package (SPSS, Inc., Chicago, IL, USA) and data were subjected to one-way analysis of variance, followed by Dunnett's test. P<0.05 was considered to indicate a statistically significant difference.
Results

Inhibitory effect of LPS on H9c2 cell viability.
The viability of H9c2 cells treated with LPS at different concentrations (0, 1, 3, 6 and 9 µg/ml) for determined durations (4, 12 and 24 h) was evaluated with a CCK8 assay in order to indicate the damage effect of LPS on H9c2 cells. The results indicated that the viability of H9c2 cells was decreased by LPS in a dose-and time-dependent manner. Compared with the control, treatment with 6 or 9 µg/ml LPS for 24 h significantly decreased the cell viability by 35 and 50%, respectively (P<0.05; Fig. 1A ). Treatment with 9 µg/ml LPS for 24 h was selected as the conditions for the subsequent experiments (LPS group) due to the severe damage effect.
Transfection rates of overexpression of fmr1. The ectopic overexpression rates of fmr1 were determined by RT-qPCR and western blot analysis. The mRNA and protein levels of fmr1 were significantly increased by ~3-fold in the fmr1 overexpression group compared with those in the control group (P<0.01). As expected, mRNA and protein levels in the Vect group transfected with empty vector were similar to those in the control group (Fig. 1B and D) . 
Fmr1 overexpression inhibits oxidative stress induced by LPS in H9c2 cells.
To determine the effect of fmr1 overexpression on ROS levels when H9c2 cells were injured by LPS, an assay utilizing the oxygen-sensitive fluorescence probe DCTH-DA was performed to detect ROS levels in the following 5 cell groups: Fmr1+LPS, Vect+LPS, Vect, LPS and Control group. The results indicated that ROS levels in the LPS group increased significantly compared with those in the control group (P<0.01), and ROS levels in the Fmr1+LPS group decreased significantly in the Vect+LPS group (P<0.01), in which the levels were similar to those in the LPS group. It was demonstrated that fmr1 overexpression inhibited the promotion effect of LPS on ROS levels in H9c2 cells ( Fig. 2A) . The levels of oxidative stress-associated factors, including lipid peroxidation product MDA, the antioxidant enzyme SOD and the GSH/GSSG ratio were determined by specific kits. The content of MDA increased by >2-fold in the LPS group compared with that in the control group (P<0.01), and decreased by 42% in the Fmr1+LPS group compared with that in the Vect+LPS group (P<0.01; Fig. 2B ). The activity of SOD decreased by 41% in the LPS group compared with that in the control group (P<0.01), and increased again in the Fmr1+LPS group compared with that in theVect+LPS group (P<0.01; Fig. 2C ). Under normal conditions, mitochondrial thiols, most notably GSH, prevent mitochondrial DNA from oxidation, but the administration of LPS decreases mitochondrial GSH. The ratio of GSH/GSSG decreased significantly in the LPS group compared with that in the control group, and increased again in the Fmr1+LPS group compared with that in the Vect+LPS group (P<0.01; Fig. 2D ).
Fmr1 overexpression inhibits cell apoptosis induced by LPS in H9c2 cells.
To assess the function of fmr1 overexpression on the mitochondrial membrane potential in H9c2 cells after injury by LPS, the JC-1 probe assay was performed to detect mitochondrial membrane potential levels in the 5 experimental groups. The results indicated that the disrupted mitochondrial membrane potential in the LPS group increased significantly compared with that in the control group (P<0.01), and decreased significantly in the Fmr1+LPS group compared with that in the Vect+LPS group (P<0.01). The values in the Vect+LPS and LPS group were similar. Overall, the results indicated that fmr1 overexpression reduced the disruption of the mitochondrial membrane potential following LPS-induced injury in H9c2 cells (Fig. 3A) .
To identify whether LPS induces apoptosis in H9c2 cells and whether fmr1 overexpression inhibits this, an Annexin-V/PI double-staining assay was performed to detect the apoptotic rates in the 5 experimental groups. The results indicated that the apoptotic rate increased significantly in the LPS group compared with that in the control group (P<0.01), and decreased to 46% in the Fmr1+LPS group compared with that in the Vect+LPS group (P<0.01), while the values in the Vect+LPS and LPS group were similar. It was demonstrated that fmr1 overexpression inhibited the apoptotic effect of LPS on H9c2 cells (Fig. 3B) . These results indicated an inhibitory effect of fmr1 overexpression on LPS-induced apoptosis in H9c2 cells.
To detect the mechanism by which fmr1 overexpression protects H9c2 cells from the LPS-induced reduction of cell viability and promotion of apoptosis, RT-qPCR and western blot analysis were performed to detect the mRNA and protein levels of apoptosis-associated factors, including B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax), Bcl-2, cleaved caspase-3 and X-linked inhibitor of apoptosis protein (XIAP) in the 5 experimental groups (Fig. 4) . The results indicated that, at the mRNA and protein level, the apoptosis-activating factors Bax and cleaved caspase-3 increased significantly in the LPS group compared with those in the control group (P<0.01), and decreased significantly in the Fmr1+LPS group compared with those in the Vect+LPS group (P<0.05), while levels in the Vect+LPS and LPS groups were similar. By contrast, the mRNA and protein levels of the apoptosis inhibitors Bcl-2 and XIAP decreased significantly in the LPS group compared with those in the control group (P<0.01), and increased significantly in the Fmr1+LPS group compared with those in the Vect+LPS group (P<0.05), while levels in the Vect+LPS and LPS groups were similar (Fig. 4) .
Effect of fmr1 overexpression on the PI3K/Akt/forkhead box (Fox)O3a pathway in H9c2 cells injured by LPS.
To detect whether the protective function of fmr1 overexpression on LPS-associated inhibition of H9c2 cell viability and induction of apoptosis were associated with the PI3K/Akt/FoxO3a pathway, western blot analysis was performed to detect the phosphorylation levels of PI3K, Akt and FoxO3a in H9c2 cells treated with LPS (LPS group), which had been optionally transfected with Fmr1 overexpression vector (Fmr1+LPS group). The phosphorylation levels were compared with those in the control and Vect+LPS groups. As displayed in Fig. 5 , the phosphorylation levels of PI3K, Akt and FoxO3a in the LPS group were all significantly increased compared with those in the control group (P<0.01). In addition, the phosphorylation levels of PI3K, Akt and FoxO3a in the Fmr1+LPS group were all significantly decreased by 9, 22 and 37%, respectively, compared with those in the Vect+LPS group (P<0.05). However, the total protein levels of PI3K, Akt and FoxO3a were not significantly affected (P>0.05).
Discussion
LPS, also called endotoxin, induces endotoxemia and myocardial dysfunction, which is a major clinical manifestation of CVD (11) . Recently, fmr1 was identified to be associated with a normal heart rate and cardiac function (11, 19) . However, the specific mechanism has remained to be fully elucidated and requires further study.
The present study explored the effect of fmr1 overexpression on LPS-induced cardiomyocyte injury, including oxidative stress reaction, mitochondrial membrane potential variation and cell apoptosis. H9c2 cardiomyocytes were used in the present study. The viability of LPS-injured H9c2 cardiomyocytes was evaluated with a CCK8 assay and was observed to be decreased by LPS in a dose-and time-dependent manner. Treatment of H9c2 cells with 9 µg/ml LPS for 24 h was employed in the subsequent experiments due to the severe damage associated with it.
Mitochondrial dysfunction and oxidative stress are the major characteristics of endotoxemia (20) . Injury of the structural integrity of mitochondria induces oxidative stress and abundant ROS release, resulting in mitochondrial dysfunction, cardiomyocyte injury and cardiac structure damage. The present results indicated that LPS increases the disruption rate of the mitochondrial membrane potential, and fmr1 overexpression reduced the increased rates of mitochondrial membrane potential collapse to repair mitochondrial dysfunction, which may influence the release of cytochrome c and mitochondrial ATP production in H9c2 cells treated with LPS. ROS are highly reactive oxygenated chemical substances. Under normal conditions, the antioxidant enzymes, including SOD and GSH-peroxidase (GSH-Px), eliminate ROS during cell metabolism, maintaining a balance of ROS generation and elimination (21) . However, excessive amounts of ROS are generated to resist bacterial infection-mediated cellular damage. When ROS accumulates ceaselessly and the endogenic anti-oxygen defence system cannot eliminate it in time, it induces oxidative stress, cellular disorders including upregulated lipid peroxidation, and also cell apoptosis (22) . Therefore, LPS induces cardiomyocyte injury mostly through excessive ROS generation (23) . The present study proved that the levels of ROS and MDA, the representative product of the lipid peroxidation process, increased, while activities of antioxidant enzymes, including SOD and GSH-Px (GSH/GSSG ratio) declined inH9c2 cells treated with LPS, which was attenuated by fmr1overexpression. Hence, fmr1 overexpression alleviated oxidative stress induced by LPS, with decreased peroxide levels and improved antioxidant enzyme activities.
Partial oxidative stress is one of the major reasons of cardiomyocyte apoptosis, and apoptosis is an important mechanism of cardiomyocyte death (24) (25) (26) . The abnormal expression of bcl-2 family proteins serve important roles in cell apoptosis. Bax facilitates apoptosis by forming a heterodimer with Bcl-2 and inhibiting the activities of Bcl-2. Caspase-3 is the downstream activator of apoptosis, actively causes the dismemberment of the cell. On the contrary, XIAP has critical roles in inhibiting apoptosis. The present study provided evidence that the mechanism underlying the effects of LPS and the inhibitory role of fmr1is associated with apoptosis and apoptosis-associated factors. The results indicated that LPS increased the mRNA and protein levels of apoptosis-activating factors, including Bax and caspase-3, while overexpression of fmr1 significantly decreased them. Furthermore, LPS inhibited the mRNA and protein expression of the apoptosis inhibitors Bcl-2 and XIAP, while overexpression of fmr1 caused a significant upregulation of these factors. It was indicated that fmr1 inhibited apoptosis and associated factors to alleviate LPS-induced oxidative stress in H9c2 cells.
In addition to apoptosis-associated signaling, the PI3K/Akt/FoxO3a pathway was also indicated to have a role in the effect of fmr1 to alleviate LPS-induced injury of H9c2 myocardial cells. The activation of the PI3K/Akt pathway has critical roles in cell proliferation and differentiation, and alleviates oxidative stress-induced apoptosis (18) . FoxO3a is a critical transcriptional factor downstream of the PI3K/Akt pathway, and also has important roles in regulating oxidative stress-induced apoptosis (27) . Consistent with the activating effect of LPS on Akt by stimulating its phophorylation in macrophages demonstrated in RAW 264.7 macrophages by Nishina et al (28) , in HT29 cells by Shi et al (29) and in chondrogenic cells by Wu et al (30) , the present results indicated that the phosphorylation levels of PI3K, Akt and FoxO3a increased in the LPS group, which was significantly reduced when fmr1 was overexpressed. It was confirmed that the alleviating function of fmr1 on LPS-induced oxidative stress in H9c2 cells was mediated via the PI3K/Akt/FoxO3a pathway.
In conclusion, in the present study, a model of LPS-induced H9c2 cardiomyocyte injury was constructed to determine how the overexpression of fmr1 attenuated LPS-induced oxidative stress and apoptosis, during which peroxide levels, antioxidant enzyme activities and levels of apoptosis-associated factors were regulated via reducing the phosphorylation levels of PI3K, Akt and FoxO3a. Fmr1may be of significant value as a novel potential biomarker and an important endogenous protection factor in the cardiovascular system. The present results provide novel insight into the cardioprotective effects of fmr1, which may also have potential use as a diagnostic and prognostic biomarker for CVD.
